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We study dynamical chiral symmetry breaking for quarks in the fundamental representation of
SU(Nc) for Nf number of light quark flavors. We also investigate the phase diagram of quantum
chromodynamics at finite temperature T and/or in the presence of a constant external magnetic
field eB. The unified formalism for this analysis is provided by a symmetry-preserving Schwinger-
Dyson equations treatment of a vector×vector contact interaction model which encodes several
well-established features of quantum chromodynamics to mimic the latter as closely as possible.
Deconfinement and chiral symmetry restoration are triggered above a critical value of Nf at T = 0 =
eB. On the other hand, increasing temperature itself screens strong interactions, thus ensuring that
a smaller value of Nf is sufficient to restore chiral symmetry at higher temperatures. We also observe
the well-known phenomenon of magnetic catalysis for a strong enough magnetic field. However, we
note that if the effective coupling strength of the model decreases as a function of magnetic field,
it can trigger inverse magnetic catalysis in a certain window of this functional dependence. Our
model allows for the simultaneous onset of dynamical chiral symmetry breaking and confinement
for each case. Qualitative as well as quantitative predictions of our simple but effective model are
in reasonably satisfactory agreement with lattice results and other reliable and refined predictions
based upon intricate continuum studies of quantum chromodynamics.
PACS numbers: 11.10.Wx, 25.75.Nq, 98.62.En, 11.30.Rd, 11.30.Hv
I. INTRODUCTION
Quantum chromodynamics (QCD) is the theory of
strong color force among quarks and gluons. Ultraviolet
and infrared peculiarities of QCD hinge upon an inter-
play between the number of light quark flavors Nf and
the number of colors Nc of the gauge group SU(Nc).
Sign of the one-loop β-function depends upon the factor
−11Nc + 2Nf . In real life QCD, this sign is negative as
Nc = 3 outmuscles Nf and hence the strong interactions
are asymptotically free [1–3]. Only in a universe with
Nf > (11/2)Nc, this effect will be reversed and asymp-
totic freedom will be lost. Infrared QCD is even more
eerie. It exhibits emergent phenomena of dynamical chi-
ral symmetry breaking (DCSB) and confinement which
are inconceivable in any perturbative approach to QCD.
Modern lattice analyses appear to demonstrate that
the restoration of a chirally symmetric phase takes place
somewhere between Nf ≈ 8− 12 [4–8]. Continuum stud-
ies of QCD back these claims and confirm that the phe-
nomena of confinement and DCSB also owe themselves
to the intricate balance between Nf and Nc. For Nc = 3,
if the number of flavors exceeds Nf ≈ 7 − 12, quarks
are deconfined and chiral symmetry is restored, see for
example Refs. [9–14].
The infrared behavior of QCD is also affected in the
presence of a heat bath. At low temperatures, the ob-
servable degrees of freedom continue to be color-singlet
hadrons, whereas at high temperatures, the interaction
gets increasingly screened and weak, causing a hadron’s
constituents to deconfine into a phase where the dom-
inant degrees of freedom are the defining ingredients
of perturbative QCD, namely, quarks and gluons. In-
creasing T also triggers the transition of quarks with
large effective constituent-like masses to quarks with only
current masses. Needless to say, a quantitative study
of this behavior has been widely carried out in litera-
ture, see for example Refs. [15–23] for lattice QCD and
Refs. [24–32] for works based upon continuum techniques
of Schwinger-Dyson equations (SDEs).
It is also well known that in the presence of strong mag-
netic fields, it is possible to generate fermion masses for
any value of the coupling strength. This phenomenon was
first studied in quantum electrodynamics (QED) and was
dubbed as magnetic catalysis, see for example [33–39].
This phenomenon owes itself to dimensional reduction.
Nonperturbative aspects of dynamical mass generation
in the presence of magnetic fields have also been studied
in continuum QCD [40, 41], as well as lattice QCD [42].
QCD phase diagram has also been studied in the pres-
ence of external magnetic fields. It is observed that near
the cross-over temperature, chiral quark condensate de-
velops a peculiar behaviour. It starts decreasing with
increasing magnetic field. This effect has come to be
known as inverse magnetic catalysis (IMC), [43–47], or
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2magnetic inhibition, [48]. Continuum QCD studies sup-
port these findings, [49]. It is important to highlight that
this effect is believed to be triggered both by the weak-
ening of the running coupling and the gluon dynamics.
Therefore, any model-building must incorporate impor-
tant QCD features to stand any reasonable chance to
capture the correct behavior of this theory at finite tem-
perature in the presence of external magnetic fields. This
is precisely what our contact interaction (CI) model does.
It is designed to meet the following requirements:
1. It produces right amount of DCSB at T = 0 =
eB. Consequently, it has extensively been applied
to satisfactorily calculate static properties of light
and heavy hadrons, [50–58].
2. It takes into account an infrared mass scale con-
nected to the gluon mass which is known to emerge
in non perturbative QCD, [59–63].
3. The color and light flavor dependence of DCSB and
confinement are suitably built-in to mimic the re-
cent QCD findings both on the lattice and in con-
tinuum QCD studies, [4–14].
4. It implements confinement by ensuring the absence
of quark production thresholds.
5. It supports the phenomenon of magnetic catalysis
at zero temperature and inverse magnetic catalysis
at finite temperature [64]. We improve and gener-
alize this model to study the dependence of these
phenomena on the massless quark flavors. We re-
quire both the emergent phenomena of DCSB and
confinement to be interlinked and simultaneous as
evidence suggests [46, 49].
Equipped with a carefully constructed QCD based
model under extreme conditions, we investigate its phase
diagram as a function of colors Nc, light quark flavors Nf ,
finite temperature T and external magnetic field eB. All
the predictions align satisfactorily with modern findings
of the QCD phase diagram while avoiding computational
complexities of lattice and refined continuum studies.
In Sec. II, we recall the quark gap equation, define the
CI model and solve it as a function of Nc and Nf . For
each Nc, there is a critical value of Nf above which chiral
symmetry is restored. After the screening dynamics has
been adequately incorporated into the CI, we study the
QCD phase diagram in Sec. III and obtain the cross-over
temperature for chiral symmetry restoration and decon-
finement. Sec. IV is devoted to the same study with an
external magnetic field replacing the thermal bath. We
are able to describe magnetic catalysis with its known
characteristics. In Sec. V, DCSB and confinement are
studied as a function of external magnetic field, temper-
ature and light quark flavors. We find IMC in a region
including the cross-over temperature. Sec. VI provides
conclusions and discussion.
II. THE GAP EQUATION
We start by presenting the generalities of the CI for
the quark fields. In order to include the anti-screening
effects of the gluons and the screening effects of the light
quarks, we extend the model to an SU(Nc) gauge theory
with Nf number of light quarks.
A. The Contact Interaction
The dressed-quark propagator S is obtained by solving
the quark SDE
S−1(p) = iγ · p+mf
+
∫
d4q
(2pi)4
g2Dµν(p− q)λ
a
2
γµS(q)Γ
a
ν(p, q) , (1)
where mf is the bare quark mass, g is the QCD cou-
pling constant, λa are the Gell-Mann matrices, Γaν is the
dressed quark-gluon vertex and Dµν is the gluon propa-
gator.
As we have mentioned before, in a series of previous
articles, it has been shown that at zero temperature, the
static properties of low-lying mesons and baryons can be
faithfully reproduced by assuming that the quarks inter-
act, not via massless vector-boson exchange, but instead
through a symmetry preserving vector-vector CI with a
finite gluon mass [50–57]:
g2Dµν(k) = δµν
4piαIR
m2G
≡ δµναeff , (2)
Γaµ(p, q) =
λa
2
γµ , (3)
where mG = 500 MeV is an infrared gluon mass scale
which is generated dynamically in QCD [59–63, 65], and
αIR = 0.36pi specifies the strength of the infrared inter-
action. There is a critical value of αeff above which chiral
symmetry is dynamically broken.
Eqs. (2) and (3) specify the kernel in the quark SDE,
Eq. (1). In this approximation, the dressed-quark prop-
agator takes a very simple form :
S−1(p) = iγ · p+M, (4)
where M is momentum independent dynamical quark
mass, to be determined from Eq. (1). If we substitute
Eqs. (2,3,4) into Eq. (1), and recall that in the funda-
mental representation of SU(Nc), the Gell-Mann matri-
ces satisfy the identity
∑8
a=1 λ
aλa = 2 (Nc − 1/Nc), we
get
M = mf +
αNceff (Nf )M
8pi2
∫ ∞
0
ds
s
s+M2
, (5)
where
αNceff (Nf ) = (Nc − 1/Nc) αeff(Nf ) . (6)
3Since the integral in Eq. (5) is divergent, we must adopt a
regularization procedure. After exponentiation of the de-
nominator of the integrand and employing the confining
proper-time regularization [66], we can write
1
s+M2
=
∫ ∞
0
dτe−τ(s+M
2) →∫ τ2IR
τ2UV
dτe−τ(s+M
2) =
e−τ
2
UV(s+M
2) − e−τ2IR(s+M2)
s+M2
.(7)
Here, τ−1IR,UV = ΛIR,UV are infra-red and ultra-violet regu-
lators, respectively. A non-zero value for τIR implements
confinement by ensuring the absence of quarks produc-
tion thresholds [67]. It has been shown that an excitation
described by a pole-less propagator would never reach its
mass-shell [66]. Moreover, since Eq. (2) does not define
a renormalizable theory, ΛUV cannot be removed, but
instead plays a dynamical role, setting the scale for all
dimensioned quantities. After integration over s, the gap
equation reads :
M = mf +
αNceff (Nf )
8pi2
M
∫ τ2IR
τ2UV
dττ−2e−τM
2
. (8)
We shall use the notation αNceff (Nf ) = αeff(Nf ) for Nc =
3. Moreover, αeff(Nf ) = αeff for Nf = 2. We employ the
parameters of Ref. [53], namely, we fix the coupling to:
αeff = 5.7× 10−5 MeV−2, (9)
and use the following infrared and ultraviolet cutoffs:
τIR = (240 MeV)
−1, τUV = (905 MeV)−1. (10)
These parameters have been fitted to the value of the
chiral quark condensate in the vacuum. Along with mf =
0, we obtain M = 358 MeV and 〈u¯u〉1/3 = 〈d¯d〉1/3 =
−241 MeV for the dynamical mass of the u/d quarks
and the chiral quark condensate for two quark flavors
(Nf = 2, Nc = 3), respectively.
B. Colors, flavors and chiral symmetry breaking
To study the effect of light quark flavors Nf on the
DCSB, we adopt the following flavor-dependence of the
effective coupling:
αNceff (Nf ) = α
Nc
eff
√
1− (Nf − 2)
λ
. (11)
This form owes itself to the pattern of DCSB as observed
in [11]. The dynamical quark mass in that work was
observed to be mdyn ∼
√
1−Nf/N cf where N cf is the
critical number of flavors above which chiral symmetry
is restored (see Eq. (8) of that article). Only a similar
square root dependence in the coupling, Eq. (11), leads
to this observed behavior. Thus the functional form in
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FIG. 1: Dynamical quark mass in the chiral limit as a function
of flavors Nf with Nc = 3 for three different values of λ which
ensures dynamical mass vanishes at Ncrf = 7, 8 and 9.
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FIG. 2: Confining length scale in the chiral limit as a function
of Nf flavors with Nc = 3 colors. The critical number of
flavors for confinement are Ncrf = 7, 8 and 9.
Eq. (11) can be traced back to the flavor dependence of
the gluon propagator in QCD, [63]. Due to this direct
connection, note that λ ∼ N cf +δ, where δ ∼ 1.2−2.6 for
the cases of interest to us. The appearance of δ is due to
the factor Nf − 2 in Eq. (11).
Employing this coupling, we solve the gap equation,
Eq. (8). For Nc = 3, we identify different values of λ to
obtain critical values of Nf (N
cr
f = 7, 8, 9) above which
the screening effects restore chiral symmetry. These num-
bers are in accordance with the findings of Ref. [11], later
4reproduced in [14].
In Fig. 1, we display the variation of the dynam-
ical mass M as a function of the number of flavors
Nf . We compare one of the plots with a fit given by
M ∼
√
N crf −Nf , see [11], for N crf = 8. It corresponds
to λ = 9.95. The numerical results are very well de-
scribed by this analytic form, reaffirming that our CI
model mimics the refined continuum studies presented
in [11]. For the remainder of the article, we choose the
parameters to reproduce N crf = 8 unless otherwise men-
tioned.
Recall that the confinement parameter is τIR. Simul-
taneous DCSB and confinement can be readily incorpo-
rated into the model if we define a flavor dependent in-
frared cutoff :
τ˜IR = τIR
M(2)
M(Nf )
, (12)
where M(2) is the dynamical mass when Nf = 2 and
Nc = 3. In Eq. (12), M(Nf ) → 0, implies τ˜IR → ∞
and hence quarks get deconfined in this model. Seen in
conjunction with Fig. 1, plots in Fig. 2 provide a confir-
matory numerical check that DCSB and confinement are
simultaneous in our CI model.
As emphasized earlier, the number of quark colors Nc
anti-screens the interactions while Nf screens them. This
can be readily confirmed by plotting the dressed quark
mass M for different number of flavors, see Fig. 3. For
Nf = 0 the minimum value of Nc required to trigger
DCSB is N crc ' 2. As the number of massless quark fla-
vors increases, mellowing down the interaction strength,
higher color group SU(Nc) has to be invoked to set off
DCSB. This interplay, reminiscent of the asymptotic free-
dom, is depicted in Figs. 3, 4, 5.
III. DCSB AT FINITE TEMPERATURE T
At finite temperature, within the imaginary time for-
malism, we split the fermion four-momentum according
to q = (ωn, ~q), where ωn = (2n+1)piT are the well-known
fermionic Matsubara frequencies. We adopt the standard
convention for momentum integration, namely:∫
d4q
(2pi)4
→ T
∞∑
n=−∞
∫
d3q
(2pi)3
. (13)
Thus, the gap equation in the chiral limit at finite tem-
perature can be written as (for Nc = 3):
M =
8αeff(Nf )MT
3pi2
∞∑
n=−∞
∫ ∞
0
dq
~q2
~q2 + ω2n +M
2
. (14)
This equation and some of its variants have been dis-
cussed in several works [64, 68–70]. To implement proper
time regularization, we exponentiate the denominator for
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FIG. 3: Dynamical mass in the chiral limit as a function of
Nc for different values of Nf . With increasing Nf , higher Nc
is required to trigger DCSB. For Nf = 0, the dynamical mass
vanishes below Ncrc ≈ 2.
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FIG. 4: Dynamical mass in the chiral limit as a function of
quark flavors for several values of Nc. For a given Nc, one
can increase Nf to a critical value such that the interaction
strength diminishes enough to suppress DCSB.
each ωn as follows :
1
~q2 + ω2n +M
2
−→
∫ τ˜2IR
τ2UV
dτe−τ(~q
2+ω2n+M
2), (15)
with
τ˜IR = τIR
M(0, 2)
M(T,Nf )
, (16)
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FIG. 5: Critical number of flavors Ncrf as a function of critical
number of colors Ncrc . The above figure demonstrates the
diametrically opposed effects of these two parameters.
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FIG. 6: Dynamical mass as a function of T for different num-
ber of flavors Nf . For Nf ≥ 8 there is no generated mass.
where M(0, 2) is the dynamical mass at T = 0, Nf = 2
and Nc = 3. Thus, in the chiral limit, the confining scale
vanishes at the chiral symmetry restoration temperature.
This is a simple way of ensuring the coincidence of transi-
tions to confinement and DCSB phase. Summation over
Matusbara frequencies and the remaining radial integra-
tion are carried out by using the following identities:
∞∑
n=−∞
e−τω
2
n = Θ2(0, e
−(2piT )2τ ) , (17)∫ ∞
0
dq ~q 2e−τ~q
2
=
√
pi
4τ3/2
, (18)
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FIG. 7: Confining length scale as a function of T for differ-
ent values of Nf . Its behavior is very similar to the DCSB.
Increasing temperature of the heat bath eventually restores
chiral symmetry.
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FIG. 8: The phase diagram of chiral symmetry and confine-
ment for Ncrf vs T = Tc. The N
cr
f and Tc are obtained from
the thermal gradient of the dynamical mass ∂TM and of the
confining scale, i.e., ∂T τ˜
−1
IR .
where Θ2(x, y) represents the second Jacobi theta func-
tion. Finally, we arrive at the expression for the gap
equation at finite temperature :
M =
2αeff(Nf )MT
3pi3/2
∫ τ˜2IR
τ2UV
dτ
e−M
2τΘ2(0, e
−(2piT )2τ )
τ3/2
. (19)
In this chiral limit, the thermal evolution of dynamical
mass M , for different values of Nf , is shown in Fig. 6.
As expected, with increasing temperature, the strong in-
teraction gets weakened, and, therefore, a lower value for
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FIG. 9: Dynamical mass in the chiral limit for u (Qu =
+2e/3), d (Qd = −e/3) quarks as a function of the strength
of the magnetic field, for Nf = 2 and Nc = 3. M denotes
the average dynamical mass, Eq. (25), obtained by solving its
gap equation, Eq. (25)
the critical number of massless quark flavors is needed
to restore chiral symmetry for a given value of Nc (3
in this case). A similar behavior is expected and ob-
served for the confinement scale τ˜−1IR , see Fig. 7. Unlike
the competing forces of Nc and Nf , temperature T and
the number of flavors Nf both catalyze chiral symme-
try restoration and deconfinement. Note that the tem-
peratures for the chiral symmetry breaking-restoration
(Tχc ), confinement-deconfinement transitions (T
c
c ) as a
function of N crf , shown in Fig. 8, are determined, re-
spectively, from the position of the divergences of their
thermal gradients ∂TM and ∂T τ˜
−1
IR . The model con-
struction ensures these critical temperatures are coinci-
dental, Tχc = T
c
c ≡ Tc ' 216.5 MeV for Nf = 2 and
Nc = 3 [64, 68, 70].
In the following section, instead of a thermal bath,
we study the effect of a constant and uniform external
magnetic field on the DCSB and confinement within this
framework of the CI.
IV. GAP EQUATION IN A MAGNETIC FIELD
WITH Nc = 3
In this section we consider a background homogeneous
magnetic field directed along the z-axis, with magnitude
B and defined through the symmetric gauge vector po-
tential:
Aextµ =
(
0,−By
2
,
Bx
2
, 0
)
. (20)
The quark propagator S(q) gets dressed with magnetic
field effects, S(q) → S˜(q), in the Fock-Schwinger repre-
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FIG. 10: Dynamical average mass M as a function of Nf and
magnetic field strength eB in the chiral limit for Nc = 3.
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FIG. 11: Confining length scale as a function of Nf and mag-
netic field strength eB in the chiral limit for Nc = 3.
sentation [71, 72], and it is:
S˜(q) =
∫ ∞
0
ds
e
−s(q2‖+q2⊥
tan(|QlBs|)
|QlBs| +M
2)
cosh(|QlBs|)
×
[(
cosh(|QlBs|)− iγ1γ2sinh(|QlBs|)
)
× (M − /q‖)−
/q⊥
cosh(|QlBs|)
]
, (21)
where the parallel and transverse splitting of quark mo-
menta is in reference to the magnetic field direction, as
7usual1, and Ql (Qu = +2e/3, Qd = −e/3) refers to the
electric charge of the light quarks, with l = u, d. With
these ingredients, we adopt the regularization procedure
from the previous section. The corresponding gap equa-
tion for the dynamical mass at zero temperature under
the influence of a uniform magnetic field for the light
quarks becomes:
Ml =
16αeff(Nf )
3
Ml
∫
d2q⊥
(2pi)2
d2q‖
(2pi)2
×
∫ τ˜2IR
τ2UV
dτe
−τ(q2‖+q2⊥
tanh(|QlBτ|)
|QlBτ| +M
2
l ). (22)
On using the relations:∫
d2q‖
(2pi)2
e−τq
2
‖ =
1
4piτ
,∫
d2q⊥
(2pi)2
e
−τq2⊥ tanh(|QlBτ|)|QlBτ| =
|QlB|
4pitanh(|QfBτ |) , (23)
we obtain the gap equation for massless quarks at zero
temperature in an external magnetic field
Ml =
αeff(Nf )
3pi2
|QlB|
∫ τ˜2IR
τ2UV
dτ
Mle
−M2l τ
τtanh(|QlB|τ) , (24)
where l = u, d. In Fig. 9, we show numerical results for
the dynamical mass of the u and d quarks in the chiral
limit as a function of eB. The so-called magnetic cataly-
sis effect is clearly seen in this figure, and its influence is
bigger in the case of the u quark due to its larger charge,
compared to the d quark.
For our purposes, and in order to make the analysis
flavor-independent, in the following we will work with
the average dynamical mass in the chiral limit,
M =
1
2
(Mu +Md) , (25)
whose gap equation is given by
M =
αeff(Nf )
3pi2
1
2
∑
l=u,d
|QlB|
∫ τ˜2IR
τ2UV
dτ
Me−M
2τ
τtanh(|QlB|τ) .
(26)
In Fig. 9, we show numerical results for the average dy-
namical quark mass in the chiral limit as a function of
eB (dotted line). In the inset of Fig. 9, we plot again
the average dynamical quark mass in the chiral limit as a
function of eB, but this time for eB up to eB = 10 GeV2.
We note that for large values of eB, the dependence of
M on eB, is given by
√
eB; see the continuous line in the
inset of Fig. 9.
In Fig. 10, we present the evolution of dynamical av-
erage mass M as a function of the number of flavors Nf
1 Recall that q2 = q2‖ + q
2
⊥, with q
2
‖ = q
2
0 + q
2
3 and q
2
⊥ = q
2
1 + q
2
2 .
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FIG. 12: The phase diagram of chiral symmetry and con-
finement for Ncrf vs eB. N
cr
f is obtained from the magnetic
gradient of the chiral condensate ∂eB
〈
ψ¯ψ
〉1/3
(Nf , eB) and of
the confining scale ∂eB τ˜
−1
IR (Nf , eB).
for various values of the magnetic field eB. In this plot,
we see that the value of eB, whose magnetic catalysis en-
hances DCSB, competes against Nf to generate dynami-
cal mass. On the other hand, Fig. 11 shows the behavior
of the confinement scale as a function of Nf . From both
figures, we can see that increasing eB tends to increase
the N crf needed for chiral symmetry restoration, contrary
to the behavior of the critical number of fermions N crf as
a function of temperature where it gets reduced as T is
increased (see Fig. 8).
That effect is clearer in Fig. 12, where we show the evo-
lution of critical N crf with respect to eB. These critical
values are obtained by locating the position of the diver-
gences of their magnetic gradients ∂eBM and ∂eB τ˜
−1
IR .
V. PHASE DIAGRAM AT FINITE T AND B
At finite temperature T and in a magnetic field eB,
the gap equation beyond the chiral limit reads:
Ml = m+
16αeff(Nf )
3
MlT
∞∑
n=−∞
∫
dq3
(2pi)
d2q⊥
(2pi)2
×
∫ τ˜2IR
τ2UV
dτe
−τ(ω2n+q23+q2⊥ tan(|QlBτ|)|QlBτ| +M
2
l ), (27)
for quark flavor l = u, d. We work for the isospin sym-
metric case, taking mu = md = m = 7MeV. After per-
forming the sum over Matsubara frequencies, integrating
over q3 and q⊥, the gap equation of the average mass,
80 0.05 0.1 0.15 0.2 0.25
T(GeV)
0
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∂ Τ
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FIG. 13: The thermal gradient of the chiral condensate
∂T
〈
ψ¯ψ
〉1/3
(Nf = 2, eB, T ) has been plotted as a function
of T for various values of eB using the magnetic field inde-
pendent coupling. It displays the usual feature of magnetic
catalysis. For higher T , chiral symmetry breaking is triggered
at larger values of eB.
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FIG. 14: The phase diagram of chiral symmetry and con-
finement in the Ncrf vs Tc for various values of eB. The
Ncrf is obtained from the thermal gradient of the chiral con-
densate ∂T
〈
ψ¯ψ
〉1/3
(Nf , eB, T ) and of the confining scale
∂T τ˜
−1
IR (Nf , eB, T ).
Eq. (25), at finite temperature and magnetic field is:
M = m+
2αeff(Nf )MT
3pi3/2
1
2
∑
l=u,d
|QlB|
×
∫ τ˜2IR
τ2UV
dτ
e−M
2τΘ2(0, e
−(2piT )2τ )
τ1/2 tanh(|QlB|τ) , (28)
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
eB (GeV2)
0
0.25
0.5
0.75
1
α
ef
fN
c (2
,eB
)/α
ef
fN
c (2
,0)
FIG. 15: Magnetic field dependent coupling of Eq. (30).
where
τ˜IR = τIR
M(0, 0, 2)
M(T, eB,Nf )
. (29)
The thermal gradient of the dynamical mass whose
maximum points to the onslaught of DCSB has been
plotted as a function of temperature for varying magnetic
field in Fig 13. We observe a typical pattern of magnetic
catalysis. Increasing temperature requires larger mag-
netic field to catalyze DCSB.
In Fig. 14, we plot N crf as a function of temperature
for different values of the magnetic field. We see the
expected interplay between the magnetic field and the
temperature: the greater the value of magnetic field, the
higher is the temperature required to restore chiral sym-
metry. For any given value of the magnetic field strength,
the critical value of the number of massless quark flavors
decreases with the (critical) temperature just as in the
absence of the external magnetic field. This pattern is
again along the lines of the common wisdom of magnetic
catalysis. The only difference now is that the required
N crf is somewhat larger for higher values of the magnetic
field.
It is well known that the effect of the magnetic field
must be taken into account in the functional dependence
of the interaction strength. If αs decreases with increas-
ing eB in a certain range of values of the magnetic field,
it suppresses the formation of chiral quark condensate.
This is what produces IMC. In order to incorporate the
magnetic field dependence in the coupling constant and
study its effect on N crf , we follow [64, 73] and adopt the
following Pade´ approximant for the eB-dependent inter-
action strength
αNceff (Nf , x) = α
Nc
eff (Nf , 0)
(
1 + ax2 + bx3
1 + cx2 + dx4
)
, (30)
where the Nf dependence of the coupling, α
Nc
eff (Nf , 0),
is given by Eq. (11), x = eB/Λ2QCD, with ΛQCD = 300
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FIG. 16: The thermal gradient of the chiral condensate
∂T
〈
ψ¯ψ
〉1/3
(Nf = 2, eB, T ) has been plotted as a function
of T for various values of eB using the magnetic field depen-
dent coupling of Eq. (30). It now exhibits IMC. For higher
T , chiral symmetry breaking occurs at lower values of eB.
MeV. The parameters a, b, c and d were obtained [73]
through reproducing the critical transition temperature
for chiral transition for different values of the magnetic
field strength, obtained by lattice QCD [44]. The modi-
fied coupling is shown in Fig. 15. We have refrained from
avoiding any additional Nf dependence in this modified
coupling. We have no theoretical or phenomenological
indications about the existence, let alone the the nature
of such correlations between Nf and eB-dependence.
In Fig. 16, we redo the plot of thermal gradient of the
dynamical mass against temperature. We now observe a
diametrically opposed behavior. Increasing temperature
requires lower magnetic field for the onslaught of DCSB.
This is the well known IMC.
In Fig. 17, we plot the new Nf − T phase diagram
for varying magnetic field. As can be readily inferred
from this figure, the behaviour of the curves N crf , as a
function of T , is opposite to that found in Fig. 13. This is
another manifestation of the IMC phenomenon predicted
in this CI effective model. Lower values of eB demand
higher N crf against the conventional wisdom of magnetic
catalysis. Note that IMC is not seen when temperatures
are sufficiently low as compared to the cross-over region.
We can certainly do better than Eq. (30). The running
coupling must also be a function of temperature. This
refined approach was adopted in [74, 75]. We follow [74],
adopt their parameters and define
αNceff (Nf , x, y) = α
Nc
eff (Nf , 0, 0)
1− γxy
1 + α ln(1 + βx)
, (31)
where y = T/ΛQCD. The parameters α and β are fixed to
obtain a reasonable description of the lattice average of
up and down quark condensates at T = 0. γ is obtained
from a similar fit at the highest temperatures. We now
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FIG. 17: The phase diagram of chiral symmetry and
confinement for Ncrf vs Tc at finite eB obtained with
an eB-dependent coupling of Eq. (30). The Ncrf is
obtained from the thermal gradient of the chiral con-
densate ∂T
〈
ψ¯ψ
〉1/3
(Nf , eB, T ) and of the confining scale
∂T τ˜
−1
IR (Nf , eB, T )
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FIG. 18: The thermal gradient of the chiral condensate
∂T
〈
ψ¯ψ
〉1/3
(Nf = 2, eB, T ) has been plotted as a function of
T for various values of eB using the magnetic field and tem-
perature dependent coupling of Eq. (31). It again exhibits
IMC.
employ this coupling to show the corresponding plots in
Fig. 18 and Fig. 19. Note that the IMC persists but in a
narrower window near the cross-over temperature.
VI. DISCUSSION AND CONCLUSIONS
We incorporate flavor dependence in our CI model
to mimic the latest SDE and lattice results. These
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FIG. 19: The phase diagram of chiral symmetry and con-
finement for Ncrf vs Tc at finite eB obtained now with an
(eB, T )-dependent coupling of Eq. (31).
results show that chiral symmetry is restored and de-
confinement is triggered above Nf ≈ 7− 10, [9–14]. This
observation is in accordance with the expectation that in-
creasing light quark flavors screen the interaction in con-
trast with the anti-screening effect of colors. For Nf = 2
(corresponding to u and d flavors), we find that the in-
teraction is strong enough to break chiral symmetry only
above Nc ≈ 2.2. The nearest such integer is 3 which
corresponds to the observed reality.
Additionally, the critical value N crf decreases inversely
with temperature. Temperature itself screens QCD in-
teractions, thus ensuring even a small value of Nf is suf-
ficient to switch off DCSB.
Similarly, the presence of an external magnetic field
also influences the value of N crf . N
cr
f grows with the
increase of magnetic field as higher values of the later
make it increasingly harder to pull the plug on chiral
symmetry breaking.
Last but not least, we explore the phase diagram for
simultaneous variation of temperature and external mag-
netic field. We observe the usual magnetic catalysis for
a strong enough magnetic field if the coupling strength
is independent of the field. However, if we incorporate
effective coupling of the model which decreases as a
function of magnetic field in accordance with lattice
studies, it triggers IMC in our model just as most
modern studies suggest. To the best of our knowledge,
this work, for the first time, knits the quark flavor
dependence with that of temperature and magnetic
field in accordance with the current theoretical and
phenomenological understanding of this field of study.
We plan to investigate hadronic bound states within this
model in future.
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